Sustainable Chemical Engineering

https://ojs.wiserpub.com/index.php/SCE/ UNIVERSAL WISER
PUBLISHER

Research Article

Impact of Sn-Doped Zn,;P, Nanopowders: Structural, Optical, and
Photoluminescence Studies

Nakka Praveenkumar' ~, Nasina Madhusudhana Rao’", Mathew K. Moodley' ~, S.V. Motloung
Setumo’

'Discipline of Physics, University of KwaZulu-Natal, Westville Campus, Private Bag X54001, Durban, 4000, South Africa
2Department of Physics, School of Advanced Sciences, VIT-AP University, Inavolu, Beside AP Secretariat, Amaravati, Andhra
Pradesh, 522237, India

’Directorate, Postgraduate Studies, Central University of Technology, Private Bag X 20539, Bloemfontein, 9300, South Africa
E-mail: moodleymk@ukzn.ac.za

Received: 9 February 2026; Revised: 15 April 2026; Accepted: 17 April 2026

Abstract: A solid-state method was used to create diluted magnetic semiconductor nanoparticles doped with Sn. These
nanoparticles have the formula Zn, SnP,, where x = 0.03, 0.05, and 0.09. The impact of Sn-dopant concentration
on the optical, photoluminescent, and structural characteristics of artificial samples was investigated. The samples
were created with a tetragonal structure, according to the X-ray diffraction study, and the diffraction peaks showed no
additional Sn or impurities. As the Sn concentration rose, the lattice parameters changed from @ = b = 8.1093 to 8.1431 A and
c=11.1193 A to 11.1398 A. As the dopant level increased, the nanoparticles tended to clump together in the 500 nm
region, according to scanning electron microscope images. The energy-dispersive X-ray spectroscopy study indicates
that this dopant concentration is close to the required Sn, P, and Zn atomic ratios. UV-visible-near-infrared spectroscopy
and photoluminescence tests were used to study the optical characteristics. With an increase in Sn concentration, the
optical band gap grew from 1.422 eV to 1.432 eV. The examination of photoluminescence revealed emissions in the
blue, violet, and ultraviolet bands.
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1. Introduction

Spintronics, an emerging field in nanoscale electronics that leverages the spin of electrons alongside their charge
for data processing and storage, is feasible with the use of Dilute Magnetic Semiconductors (DMS). Investigations into
spintronics, leveraging the spin property of electrons, are currently in progress." Every DMS material exhibits distinct
characteristics and applications in magneto-optical and magneto-transport systems.” DMSs exhibit semimagnetic
properties. A DMS consists of a combination of magnetic and non-magnetic materials, whereas a conventional magnetic
semiconductor features magnetic components that are arranged in a periodic manner. These definitions are crucial
for grasping their unique characteristics. Recently, there has been a significant increase in the interest in advanced
fields, including magnetoelectronics, magneto-optoelectronics, and spintronics, with a particular focus on transition
metal ion-doped oxide DMS.’ Research has focused on compounds that include III-V and IV-VI types of magnetic

Copyright ©2026 Mathew K. Moodley, et al.

DOI: https://doi.org/10.37256/sce.7220269762

This is an open-access article distributed under a CC BY license
(Creative Commons Attribution 4.0 International License)
https://creativecommons.org/licenses/by/4.0/

Sustainable Chemical Engineering 162 | Mathew K. Moodley, et al.


https://www.wiserpub.com/
https://ojs.wiserpub.com/index.php/SCE/
https://ojs.wiserpub.com/index.php/SCE/
https://orcid.org/0009-0002-3189-2999
https://orcid.org/0000-0001-7317-1538
https://orcid.org/0000-0002-4089-7380
https://orcid.org/0000-0002-4085-3927

semiconductors, in contrast to those of the II-V category. This semiconductor material, which does not exhibit magnetic
properties, can be enhanced through magnetic doping with transition metals such as Mn, Fe, Ni, and V, as well as rare
earth metals like Gd and Dy.

Zinc Phosphide (Zn,P,) is an environmentally friendly, polar, mixed-valent material that belongs to the class of II-V
semiconductors and is also cost-effective. It exhibits remarkable properties. Thin coatings and nanoparticles represent
practical applications of zinc phosphide, a p-type semiconducting diamagnetic substance with promising photovoltaic
potential. This material exhibits a linear band-gap, making it highly suitable for single-junction solar cells, characterized
by a band gap of around 1.5 eV." The primitive tetragonal structure of Zn,P, is characterized by the P42/nmc space group
(No.137).” Gregory M. Kimball and his team® indicated that the optical absorption coefficient is significantly high (10*
10° cm™), and the carrier diffusion length approaches 10 um. The exploration and advancement of thin-film photovoltaic
cells and various solar energy applications have captured the interest of researchers regarding zinc phosphide and its
characteristics. In the context of recent investigations into the progress of half-metallic ferromagnetism and magnetic
semiconductors, a considerable volume of experimental work remains to be undertaken on nano phases,”” bulk
materials,'”"" and thin films."”"* These substances find application in photovoltaic technologies,” lithium/sodium ion
energy storage systems, “'* and solar cell designs."” It is evident that the material Zn,P, has received comparatively
less attention in research, as indicated by the studies on Ti-doped Cd,P,,”" Fe-doped Zn,P,,”> and (S =V, Cr, Mn, Fe, Co)
S-doped Zn,P,,” which were subsequently accompanied by ab initio analyses. A compound belonging to the II-V group
of semiconductors is Zn,P,. The literature review focuses on the same set of compounds, which includes Mn-doped
ZnAs,,”* (Cd, M,),As, alloys (M = Cr, Mn, Fe),” and Mn-doped Cd,As,.”* The findings from the first-principles studies
are subsequently detailed, showcasing features related to electronic structure, magnetism, and half-metallicity.

Our recent investigation focused on the optical, magnetic, and structural characteristics of Zn;P, nanoparticles
that have been doped with transition elements such as Fe, Ni, and Mn, employing the solid-state reaction method.”””’
Research on non-magnetic dopants remain limited, despite the extensive investigation of transition-metal-doped
Zn,P, for its potential in magnetic and spintronic applications. The role of Sn inclusion in Zn,P, nanopowders
remain inadequately explored. The exploration of Sn as a non-magnetic dopant to enhance the structural, optical, and
photoluminescence properties of Zn,P, represents a novel contribution of this research. This study provides valuable
insights into the emission processes induced by defects and the manipulation of the bandgap, aimed at improving the
performance of Zn,P,-based optoelectronic devices.

The traditional solid-state reaction technique was employed to incorporate Sn into zinc phosphide nanoparticles
in this study. This study examines the distinct characteristics of Sn-doped Zn,P, through the substitution of different
amounts of Sn (x = 0.03, 0.05, and 0.09) in place of zinc atoms. This study investigates the optical, photoluminescence,
and structural properties of Sn: Zn,P,, revealing the effects of varying doping concentrations.

2. Experimental work
2.1 Chemicals used

Utilized were high-purity precursor materials, which required no additional purification. Zinc phosphide
(Zn,P,, Sigma-Aldrich, > 99.9%) and tin phosphide (SnP, Indiamart, > 99.9%) served as the initial substances for the
experiment. All the substances were in powdered form.

2.2 Synthesis of Sn-doped Zn;P, nanoparticles

The conventional solid-state reaction technique was employed to synthesize Zn;P, Nanoparticles (NPs)
doped with Sn. Materials with different concentrations of Sn (x = 0.03 to 0.09) were employed for the preparation.
Employing a stoichiometric ratio of Zn; ,Sn,P,, where x is set to 0.03, 0.05, and 0.09, the compounds were
quantified and measured. Initially, it is essential to utilize acetone for the cleaning of the mortar and pestle
apparatus. Over a period of approximately 16 hours, the molecules comprising Sn-doped zinc phosphide were
thoroughly milled. A fixed plate crucible made of alumina was utilized to contain the powder samples, which were
crushed prior to being placed inside. Tube furnaces ensure ideal conditions for effective sampling. It is essential to
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maintain the samples at a temperature of 500 °C for a duration of five hours, ensuring a vacuum level of 2 x 10” mbar.
The samples underwent an extensive grinding process for three hours following sintering to ensure they were
adequately prepared for characterisation. The final product of Sn-doped Zn,P, nanoparticles exhibited a deep black
appearance.

2.3 Characterizations

All synthesized materials underwent characterization through various methods to assess their structural, elemental,
morphological, optical, and photoluminescence properties. The crystalline structure of the nanoparticles was examined
using X-Ray Diffraction (XRD) (Rigaku MiniFlex 600) employing Cu Ka radiation (1 = 1.5406 A) over a 20 range of
20°-90° with a step size of 0.02°. Energy-Dispersive X-ray Spectroscopy (EDS) (AMETEK) was employed to assess
elemental composition alongside the Scanning Electron Microscope (SEM) apparatus. The examination of surface
morphology was conducted utilizing a SEM (JSM-IT500) operating at an accelerating voltage range of 10-20 kV.
A Ultraviolet-Visible-Near-Infrared (UV-Vis-NIR) spectrophotometer (PerkinElmer Lambda 365) was employed to
obtain diffuse reflectance spectra ranging from 200 to 1,100 nm, with the optical band gap estimated using the Kubelka-
Munk function. Photoluminescence (PL) spectra were collected utilizing a fluorescence spectrometer (FP-8300) with an
excitation wavelength set at 250 nm.

3. Results and discussions
3.1 Structural properties

Figure la presents the XRD patterns of both pure and Sn-doped zinc phosphide nanoparticles produced through
a solid-state method. The XRD patterns of Zn; ,,Sn P, nanoparticles are presented for x values of 0.03, 0.05, and 0.09.
All the samples exhibited the tetragonal Zn,P, structure. The JCPDS cards, space group 137, and reference number 74-
1156 aligned seamlessly. A similar configuration was identified by Stutz et al.”’ The presence of doped samples and
Zn,P, reveals distinct diffraction peaks, signifying a high level of crystallinity. The lack of additional peaks in the XRD
pattern, as illustrated in Figure la, suggests that the pure (Zn,P,) was effectively doped with Sn, as no other impurities
were detected.
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Figure 1. (a) XRD patterns of pure and Zn; ,Sn P, samples (b) peak (4 0 0) in the range of 43.2°-46.4°
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Figure 1b demonstrates the variation of 20, shifting from 43.2° to 46.4°. The difference in ionic radius, specifically
between Zn>" (0.74 A) and Sn” (0.99 A), results in a shift of the angle 20 towards lower values as the concentration
of the Sn dopant increases from x = 0.03 to 0.09 in the sample. Even with its larger ionic radius relative to Zn®", the
Sn dopant incorporated into the Zn,P, lattice is achieved effectively. Ni-doped Zn,P, at reduced angles showed similar
outcomes.”’ The average crystallite size (D) for all synthetic and pure samples from the (4 0 0) plane was determined
using the Debye Scherrer equation.’’

KA
cosé@

Crystallite size D = (1)

Through the analysis of observable peaks in both pure and doped samples, we can determine the average
crystallite size, D, with a constant value of K being 0.9. The parameters 4 for wavelength (Cu Ka, 0.15406 nm),
20 for the diffraction angle of the primary peak (4 0 0), and f for the full-width at half-maximum of both pure
and doped (4 0 0) peaks in X-ray diffraction are established. The crystallite dimensions reduced from 30.44 to
25.46 nm as the Sn concentration rose from x = 0.03 to 0.09, as illustrated in Table 1. External pollutants cause
deformation in the host Zn,P, lattice, which significantly contributes to the reduction in crystallite size.”
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Figure 2. (a) Micro strain and dislocation density and (b) lattice parameters

Figure 2a illustrates the relationship among Sn concentration, microstrain, and dislocation density. The dislocation
density () in both pure and doped samples exhibits an inverse relationship with the square of the average crystalline
scale (D), a relationship that can be utilized to identify imperfections in crystalline structures.”’

Dislocation density 6 = DL (2)

2

The crystallite size, represented by D, is measured in nanometers. The dislocation density rises from 1.132 to 1.364
with higher Sn-concentration, as illustrated in Table 1. XRD can be employed to investigate microstrain and lattice
distortions in crystalline substances. With the increase in Sn concentration, the microstrain escalated from 1.109 to 1.463,
signifying lattice deformation induced by the incorporation of Sn ions into the Zn,P, lattice. An estimation of the micro-
strain (¢) can be derived using the formula presented below.”’
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Micro-strain € = ﬁ—
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In the context of both pure and doped synthetic materials, § denotes the angle of diffraction for the (4 0 0) plane,
whereas £ signifies the Full-Width Half Maximum (FWHM). An increase in dislocation density and microstrain can
indicate the presence of various lattice defects. Figure 2b demonstrates the influence of Sn-content on the lattice
characteristics. The tetragonal structure and the results from X-ray diffraction are utilized to derive the formula for
estimating the lattice parameters of both pure and Sn-doped nanoparticles.”’

1 W+k
f[ 7 *?J @

Bragg’s equation specifies the interplanar distance (d = nA/2sinf), the ordering (n = 1), the wavelength of the
incoming ray (A = 1.5406 A), and the diffraction angle (6). The lattice parameters of the (4 0 0) diffraction plane
exhibited an increase with rising Sn-content in both pure and doped materials, transitioning from @ = b = 8.1093 A to
8.1431 A and ¢ = 11.1193 A to 11.1398 A. An alteration in the ionic radii of the dopant Sn>* and the host Zn’* results in
an increase in this lattice constant. This study demonstrated that the synthesized Zn,P, crystal lattice readily incorporates
Sn-ions at the Zn”" site. Table 1 presents various X-ray diffraction characteristics, such as crystallite size, lattice
dimensions, optical band gap, microstrain, dislocation density, and microstrain.

Table 1. Summarises the properties of XRD

System name 20 (degree) FWHM Cry%a(llllirtg)size a(A) c(A) Mic(rlo Ogt)rain DiSIO(cfglig rrlnt_izgnsity Bandgap (eV)
Pure 44.88 0.2734 30.44 8.1093 11.1193 1.109 1.132 1.422

Sn (x =0.03) 44.76 0.2917 29.44 8.1125 11.1200 1.117 1.153 1.425

Sn (x =0.05) 44.58 0.3276 26.20 8.1235 11.1262 1.323 1.232 1.429

Sn (x =0.09) 44.06 0.3475 25.46 8.1431 11.1398 1.463 1.364 1.432

3.2 Surface morphological studies

Figure 3 illustrates instances of nanoparticles of Sn-doped Zn,P, with concentrations varying from x = 0.03
to 0.09 within the 500 nm range. As the doping concentration increased in the pure system, the small aggregates
developed into larger structures, and spherical forms emerged. The SEM images provided this indication. The
concentration of dopants plays a pivotal role in influencing agglomeration; as the dopant concentration rises,
the pure compound begins to occupy the atomic positions. The SEM images indicate that the diameters of the
produced particles are measured at 125 nm, 148 nm, 168 nm, 240 nm, 287 nm, 302 nm, and 489 nm.
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Figure 3. SEM images with Sn

3.3 Elemental studies

The elemental composition of Zn;_,,Sn.P, (x = 0.03, 0.05, and 0.09) nanoparticles synthesized can be examined
through energy-dispersive X-ray spectroscopy, as illustrated in Figure 4. Upon examining the spectra of Sn-doped Zn,P,
samples, it was found that the atomic ratios of zinc (Zn), phosphorus (P), and tin (Sn) closely matched the predicted
values. EDS analysis demonstrated that the Sn-dopant ions were effectively incorporated into Zn;P,, and the X-ray
diffraction data confirmed the absence of any additional contaminants.
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Figure 4. EDS spectra with Sn content

3.4 Optical properties

The optical characteristics of zinc phosphide nanoparticles, both with and without Sn doping, were investigated
through the use of Diffuse Reflectance Spectra (DRS). Figure 5a shows the DRS of both undoped and Sn-doped
nanoparticles at room temperature, covering a wavelength range from 200 nm to 1,100 nm. In the infrared region,
the pure system exhibited the highest reflectivity at 54%, whereas the Sn-doped zinc phosphide nanoparticle samples
showed the lowest reflectivity. The reflectance of Zn; ,,Sn,P, nanoparticles increased with the rise in Sn concentration in
the sample, moving from x = 0.03 to 0.09. Pure and Sn-doped materials undergo analysis through a F(R) represented by
the Kubelka-Munk function, calculated via the equation provided.”

1-R)’
F(R)=LA

(%)
In this context, R denotes the DRS, while F(R) signifies the reflectance function. The Tauc equation™ was employed
to determine the optical band gap in both pure and synthetic materials.

(F(R)-hv)" = A(hv—E,) )

In the equation, F(R) = a signifies the absorption coefficient, #v denotes photon energy, v indicates light frequency,
E, refers to the optical band gap between the conduction and valence bands, and » is dependent on the nature of the
transition and in the present case ‘n’ was taken 1/2 for a direct allowed transition.”” To achieve this, the absorption
coefficient graph can be extended from photon energy (4v) to the linear region (a = 0). The pure and Sn-doped samples
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displayed optical band gaps ranging from 1.30 to 1.60 eV, as illustrated in Figure 5b. The optical band gap for pure
(Zn,P,) nanoparticles was determined to be 1.5 eV, consistent with earlier findings.* The optical band expanded from
1.422 to 1.432 eV as the Sn concentration increased from x = 0.03 to 0.09. The increase in dopant (Sn) concentration is
demonstrated to result in a widening of the band gap. The optical band gap could potentially be expanded through the
Burstein-Moss effect.”’” In a similar manner, Zn, Ni P, nanoparticles synthesized through the solid-state method with x
values of 0.01, 0.03, 0.05, and 0.07 exhibited a notable band gap expansion as Ni concentration increased post-doping,
shifting from its original position in the conduction band of Zn,P, semiconductors.”
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Figure 5. (a) DRS of pure and Zn; ,Sn,P, samples and (b) optical band gap

3.5 Photoluminescence studies

The characteristics of materials can be assessed through the use of PL spectroscopy. This method exhibits a
remarkable sensitivity to recombination phenomena and defects in electronic structure. PL spectroscopy, being a
contactless and non-destructive technique, is extensively utilized for the analysis of optoelectronic properties in
semiconductors. The characteristics of emission and excitation peaks in photoluminescence spectra are influenced by
the concentrations and energy levels of defects or electronic band transitions.
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Figure 6. PL spectra of Sn-doped Zn,P, nanoparticles
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Figure 6 illustrates the photoluminescence spectra for both pure and Sn-doped Zn,P, samples. The recording
range spans from 245 nm to 750 nm, utilizing an excitation wavelength of 250 nm. The concentration of Sn
influences the emission peaks observed in the PL spectra of Zn,P, nanoparticles that have been doped with Sn. The
emissions are observed in the ultraviolet (295 nm, 4.20 eV), near-ultraviolet/violet (354 and 394 nm, 3.50 and
3.14 eV), and blue (428, 444, 468, and 483 nm, 2.89, 2.79, 2.64, and 2.56 eV) regions. Weaker emission bands
show up in the blue area at longer wavelengths, whereas the most noticeable emission peaks are seen between 354 and
394 nm. As the dopant concentrations increased from x = 0.03 to 0.09, the intensity increased concurrently. In the
range of x = 0.03 to 0.05, the emission peak wavelengths of both the synthesized and the unmodified nanoparticles
show a high degree of similarity. The emission peak at x = 0.09 appears to have shifted towards the lower angle
side, potentially due to fluctuations in its electronic energy levels. These variations could be influenced by factors
such as temperature, excitation wavelength, sample composition, size, and surface morphology. The linear band
gap of zinc phosphide is measured at 1.5 eV. The band edges of all the produced nanoparticles differ from those
of the bulk Zn,;P,, as illustrated in Figure 5b. Surface defects in nanoparticles can lead to the formation of both
superficial and deep traps beneath the conduction band.”” Shen et al.”” noted a wide emission peak at 585 nm (2.1 eV)
in the photoluminescence spectra of single-crystalline trumpet-like Zn;P, nanostructures. Teck Hock Lim and
colleagues™ observed PL emissions from a-Zn,P, dispersed in solvent, showing peaks at 350 nm (3.5 eV) and
470 nm (2.6 eV) in butanol. Recent studies have focused on the comparison of transition metal-doped Zn,P,
nanoparticles for photoluminescence characterization.™

4. Conclusion

The Zn;.,Sn,P, (x = 0.03, 0.05, and 0.09) nanoparticles were synthesized using a solid-state reaction technique.
A variety of characterization techniques are employed to assess phase, surface morphology, crystallite size, energy
bandgap, and luminescence studies. The XRD patterns of all synthesized nanoparticles confirmed a single-phase
tetragonal structure, showing no noticeable impurity peaks. As the concentration of Sn rises, both the microstrain and
dislocation density show an increase, moving from 1.109 to 1.463 and from 1.132 to 1.364, respectively. The band gap
energy exhibited a slight increase from 1.422 eV to 1.432 eV as the concentration of Sn was elevated. With excitation at
250 nm, the PL spectra demonstrated that both pure and Sn-doped nanoparticles primarily emit in the ultraviolet, violet,
and blue regions.
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